Methods
Antigen preparation. AChR was purified from the electroplax tissue of Torpedo californica by affinity chromatography on Naja naja siamensis α-cobrotoxin, as described previously (31) . The recombinant fragment Hα1-205, was synthesized by PCR on cDNA prepared from total RNA of the human TE671 cell line and cloned in the pET8C expression vector. The protein, present in inclusion bodies, was solubilized by 9 M urea followed by serial dialyses in 50 mM Tris buffer (pH 8.0).
Induction of EAMG and clinical evaluation. Female Lewis rats, 6 to 7 weeks of age, were immunized once in both hind footpads by subcutaneous injection of Torpedo AChR (45 µg) emulsified in CFA containing additional Mycobacterium tuberculosis (1 mg/rat; Difco Laboratories, Detroit, Michigan, USA). Clinical severity of EAMG was scored on a scale of 0-4 according to Lennon et al. (32) . Animals were evaluated weekly for 7-10 weeks after immunization with Torpedo AChR in prevention or acute phase-treatment experiments and for up to 15 weeks in chronic phase-treatment experiments.
Induction of oral tolerance. Feeding with Hα1-205 or ovalbumin (OVA; as control) was initiated either before immunization with Torpedo AChR or at the acute or chronic phases of EAMG. In prevention experiments, rats were fed 6 times with 2-day intervals. For oral treatment at the acute phase of EAMG, feeding was initiated 8 days after disease induction, and for treatment at the chronic phase, feeding was initiated 7 weeks after disease induction and continued twice a week. The amount of Hα1-205 and OVA was 600 µg/dose per rat in 1 mL Tris buffer (50 mM [pH 8 .0]) in all treatment protocols.
Antibody assays. Serum anti-Torpedo AChR and anti-Hα1-205 antibody levels were assayed by ELISA as described previously (33) . Antibodies to rat muscle AChR were measured by radioimmunoassay with a crude rat muscle extract in which the AChR was specifically labeled by 125 I-α-bungarotoxin (α-BTX) (34) . Results are expressed as nanomoles of antibody per liter of serum.
Determination of AChR-specific IgG isotypes was performed as described previously (35) . Microtiter plates were coated with Hα1-205 (100 µL; 20 µg/mL) and reacted with 100 µL of the tested serum samples at proper dilutions (1:250 for IgG1 and IgG2a; 1:10 for IgG2b and IgG2c). Biotinylated mouse mAb's to rat IgG isotypes (100 µL at 1:1,000; Caltag Laboratories Inc., Burlingame, California, USA) were added for 2 hours at room temperature, and bound antibodies were detected by activity of alkaline phosphatase-conjugated Extravidin (Sigma Israel Chemicals, Rehovoto, Israel).
Delayed-type hypersensitivity. Assessment of delayed-type hypersensitivity (DTH) was performed by subcutaneous injection into the contralateral ear with Torpedo AChR (40 µg), purified protein derivative of M. tuberculosis (PPD; 1:2,000; Statens Serum Institute, Copenhagen, Denmark) or PBS. The difference in ear lobe thickness before challenge and 48 hours after challenge was recorded for each animal. Results are expressed as the mean of 5 animals for each experimental group ± SEM.
Lymphocyte assays. Proliferation of lymph node cells (LNCs) from treated rats was performed essentially as described elsewhere (35, 36) . Draining lymph nodes were removed 6-8 weeks after immunization in prevention and acute phase-treatment experiments and 10-13 weeks after immunization in chronic phase-treatment experiments. Proliferation was assessed by measuring [ 3 H]thymidine (0.5 µCi/well) incorporation during the last 18 hours of a 4-day culture period. Results are expressed as ∆cpm (obtained by subtraction of background of unstimulated cultures from stimulated LNCs).
The presence of IL-2 in supernatants from LNC cultures was assayed by its ability to induce proliferation of the CTLL, IL-2-dependent (non-IL-4-responsive) cell line, as described previously (35, 37) . Essentially, supernatants (50 µL) of LNCs incubated in the presence of Torpedo AChR (0.25 µg/mL) or concanavalin A (2 µg/mL) for 24 hours were added to CTLL cells. [ 3 H]Thymidine pulse was performed during the last 20 hours of a 2-day culture period. Results are expressed as ∆cpm.
T-cell anergy was tested as described previously (36) . Essentially, single-cell suspensions of draining LNCs were incubated for 5 days with or without recombinant rat IL-2 (rIL-2; 2-10 ng/mL; R&D Systems Inc., Minneapolis, Minnesota, USA). The cells were then transferred to 96-well plates (5 × 10 5 cells per well) and incubated with Torpedo AChR. Proliferation was assessed by measuring [ 3 H]thymidine uptake as already described here.
Adoptive transfer of splenocytes. Adoptive transfer experiments were performed as described previously (38) . Donor rats were fed with Hα1-205 or OVA (0.6 mg/dose), 6 times at 2-or 3-day intervals. Their spleens were removed 3 days after the last feeding, and splenocytes (10 8 ) were injected intraperitoneally to naive syngeneic recipient rats irradiated with 2.6 Gy/2 minutes. Recipients were immunized with Torpedo AChR (45 µg) in CFA 2 hours after cell transfer and were evaluated for clinical symptoms of EAMG up to 8 weeks after immunization.
Cytokine level determination. PCR-ELISA was used to assess the levels of mRNA specific for IL-2, IL-10, IL-12, IFN-γ, and TGF-β. RNA extraction, cDNA synthesis, and RT-PCR in the presence of digoxigenin-dNTP (DIGdNTP) were performed as described by Zipris et al. (39) with some modification suggested by the manufacturer of the PCR-ELISA kit (Boehringer-Mannheim). The sequences of primer pairs specific for the IL-2, IL-10, and IFN-γ were the same as previously reported (39) . The sequences for other primers used are as follows: IL-2 internal primer (5′-CTTGCCCA AGCAGGCCACAGAATT-3′); IL-10 internal primer (5′-GCCCCAGAACCATGGCCCA-3′); IL-12p40 sense primer (5′-TGGTTTGCCATG-GTTTTGCTGG-3′), IL-12p40 antisense primer (5′-AGGAATGGGGAGTGCTCCAGGA-3′) and IL-12p40 internal primer (5′-TCCCC TGAGTCTCGGGCGGTGACA-3′). IFN-γ internal primer (5′-CATGGATGCTATGGAAG GAAA-GAGC-3′); TGF-β sense primer (5′-ACAACAGCACCCGC-CACCGGGTGGC-3′), TGF-β antisense primer (5′-GCC-CTTGGGCTCGTGGATCCACTTCC-3′) and TGF-β internal primer (5′-GTCACCCGCGTGCTAATGGTGGACC-3′). The internal primers were all Biotinylated. The amplified DIG-labeled PCR products were quantified using a PCR-ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany). They were then denatured and hybridized to the suitable cytokine-specific biotinylated internal primers for 3 hours at 37°C with constant shaking. The DIG-labeled PCR product/biotinylated probe hybrids were immobilized on streptavidin-coated 96-well ELISA plates. After washing, the bound PCR products were detected with a peroxidase-conjugated anti-DIG antibody. PCR products were viewed with the peroxidase substrate ABTS, and signals were quantified by absorbance at 405 nm (40) .
Results

Effect of oral pretreatment with Hα1-205 on EAMG.
The main goal of this study was to test the ability of an orally administered recombinant fragment corresponding to the extracellular domain of a mammalian AChR α-subunit, to modulate ongoing EAMG. However, we first tested the effectiveness of this fragment to prevent EAMG subsequently induced in rats by Torpedo AChR. The fragment used in the study, Hα1-205, corresponds to residues 1-205 of the human AChR α-subunit, which is 96% homologous to the corresponding rat AChR fragment. When injected with CFA into the footpads of rats, Hα1-205 does not induce any signs of myasthenia (S.-H. Im et al., unpublished study). Rats were fed with Hα1-205 (0.6 mg/dose) or OVA as control 3 times a week for 2 weeks. Two days after the last feeding, rats were immunized with Torpedo AChR for induction of EAMG and followed up clinically for 8 weeks. As shown in Table 1 and Figure 1 , significant protection against EAMG was observed in rats pretreated with Hα1-205. At all times tested, the mean clinical score of EAMG in groups pretreated with Hα1-205 was lower than that of the OVA-pretreated group ( Figure 1 ). Eight weeks after induction of EAMG, all 10 rats in the control group were sick (mean clinical score: 2.8), whereas among rats pretreated with Hα1-205, 70% were completely protected against EAMG and did not have symptoms of EAMG. The remaining 30% showed mild symptoms compared with the control group. The mean clinical score in the Hα1-205-treated rats was 0.5.
Quantitative parameters of disease included assessment of body weight and muscle AChR content. Rats in the control OVA-pretreated group lost 8.8 ± 9.2 g/rat at 3-8 weeks after induction of EAMG, whereas rats in the Hα1-205-pretreated group gained at the same time 9.8 ± 5.3 g/rat ( Table 1 ). The analysis of AChR content verified the observation of clinical symptoms. Rats in the control OVA-pretreated group lost 60% of their muscle AChR content, whereas rats in the Hα1-205-pretreated group lost only 8.5% of their muscle AChR.
Oral administration of Hα1-205 had also an effect on AChR-specific humoral and cellular immune responses. There was a significant decrease in the level of antibodies to rat muscle AChR in Hα1-205-pretreated rats when measured 8 weeks after immunization with Torpedo AChR (Table 1) . Antibody levels against the recombinant fragment itself were similarly decreased (data not shown). There was also a marked reduction in the AChR-specific proliferative T-cell response and IL-2 production ( Table 1 ). The DTH response to Torpedo AChR, tested 1 week after disease induction, was specifically reduced in Hα1-205-treated rats compared with OVA-treated rats (30 ± 5 mm × 10 -2 and 97 ± 9 mm × 10 -2 , respectively). There was no difference between the groups in the DTH response to PPD and PBS. These data indicate that oral pretreatment with Hα1-
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Figure 1
Pretreatment by Hα1-205 protects rats against EAMG. Rats were pretreated 6 times with Hα1-205 or with OVA as control, over a period of 2 weeks and subsequently immunized with Torpedo AChR. Mean EAMG clinical scores were followed up until 8 weeks after injection of Torpedo AChR. Representative of 6 independent experiments. *P < 0.005. 205 induced a suppressed T-cell response to AChR both in vitro and in vivo.
Effect of oral treatment with Hα1-205 on ongoing EAMG. To investigate whether oral administration of the AChR-derived recombinant fragment Hα1-205 is also potentially suitable for treatment of myasthenia, we tested its effect on an already existing disease. Oral treatment was first performed at the acute phase of EAMG, which usually starts 7-10 days after the immunization of rats with Torpedo AChR. For that, administration of Hα1-205 (0.6 mg/dose) was initiated 8 days after induction of EAMG and was continued twice a week for 8 weeks. Given this treatment, all 10 rats in the control OVA-treated group got sick and 6 of 10 died of EAMG in the first 10 weeks after disease induction. On the other hand, in the Hα1-205-treated group, 6 of 10 rats were completely healthy or mildly sick and none of the rats died (Table 2 ). When assessed 10 weeks after AChR injection, the mean clinical score of Hα1-205-treated rats was 1.2 compared with 3.3 in the OVAtreated rats (Figure 2a) .
Clinical signs characteristic of the chronic phase of EAMG usually appear about 4 weeks after immunization with Torpedo AChR. Rats presenting mild EAMG (clinical score 1), at 7 weeks after EAMG induction, were selected and treated twice a week for 3 more weeks. This treatment protocol had an effect on the severity of the disease (Figure 2b and Table 2 ). In the OVA-treated group, there was an aggravation in the severity of EAMG: 7 weeks after the initiation of treatment, 2 of 6 rats died and 2 others were severely sick (mean clinical score: 2.3). However, in the Hα1-205-treated group, none of the rats died and 3 of 6 rats recovered completely ( Table 2 ). The suppressive effect of feeding with Hα1-205 on EAMG lasted at least up to 4 weeks after it has been discontinued, when rats were sacrificed for further analysis.
The effect of treatment with Hα1-205 on clinical symptoms at the acute and chronic phases of EAMG was also corroborated by the analyses of AChR content and body weight changes (Table 2) . Rats in the control OVA-treated group (all presenting EAMG) lost 59% and 65% of their muscle AChR content in the acute phaseand chronic phase-treatment protocols, respectively. In contrast, rats treated by Hα1-205 during the acute and chronic phases of EAMG lost only 10% and 17% of their muscle AChR, respectively ( Table 2) .
The effect of oral administration of Hα1-205 on EAMG was also accompanied by suppression in AChRspecific humoral and cellular immune responses. Rats
Figure 2
Treatment of acute and chronic EAMG. Torpedo AChR was injected to induce EAMG, and rats were treated twice a week by oral administration of Hα1-205 or OVA starting at the acute phase, 8 days after disease induction (a), or at the chronic phase, 7 weeks after disease induction (b). Treatments were performed as described in Methods. Representative of 3 independent experiments. *P < 0.001. treated orally with Hα1-205 had a marked decrease in their anti-self AChR antibody levels when treated at the acute (73% reduction) or chronic (80% reduction) phase of EAMG ( Table 2 ). The antibody titers to self AChR seem to correlate with the clinical symptoms better than the antibody titers toward the xenogeneic Torpedo AChR, in which there were no significant differences between the groups. There was also a marked decrease in the AChR-specific proliferative T-cell response and IL-2 production after treatment initiated either at the acute or chronic phases of EAMG (Table 2) .
Possible mechanisms of oral tolerance.
Our next goal was to analyze the possible mechanisms involved in suppression of EAMG by oral administration of the recombinant AChR fragment. To find out whether clonal anergy is induced by oral tolerization, we tested the ability of exogenous IL-2 to reverse the suppression of AChR-specific T-cell proliferative responses observed in rats treated by Hα1-205 during the acute phase of EAMG ( Figure  2a and Table 2 ). LNCs from Hα1-205-treated rats were preincubated in the presence of rIL-2 for 5 days, and proliferation was assessed. As seen in Figure 3 , preincubation with exogenous rIL-2 did not restore the suppressed AChR-specific proliferative response. These observations suggest that clonal anergy is probably not involved in the tolerance induced by oral feeding with the AChR-derived recombinant fragment.
To investigate whether oral administration of the AChR-derived recombinant fragment results in generation of active suppression, we attempted to adoptively transfer the protection against EAMG from Hα1-205-treated rats to naive recipient rats. Splenocytes were harvested from rats that were fed 6 times over a period of 2 weeks with either Hα1-205 or OVA and injected intraperitoneally (10 8 per rat) into naive syngeneic recipient rats irradiated with 2.6 Gy/2 minutes. Recipient rats were immunized 2 hours later with Torpedo AChR for induction of EAMG. A protective effect of the splenocytes transferred from Hα1-205-treated rats was observed in the recipient rats and was especially evident at their chronic phase of disease ( Figure  4 ). At 8 weeks after transfer, recipients of splenocytes from Hα1-205-treated rats had a mean clinical score of 1.6, compared with 3.1 in rats that received splenocytes from control OVA-treated donors. The protective effect provided by the adoptive transfer of splenocytes from 
Figure 4
Protection can be adoptively transferred by splenocytes from Hα1-205-treated rats. Splenocytes from Hα1-205-or OVA-treated rats were injected intraperitoneally to irradiated naive recipients that were subsequently immunized with Torpedo AChR to induce EAMG. Clinical symptoms in recipient rats were followed up for 8 weeks after immunization. Each group consisted of 10 rats. Representative of 3 independent experiments. *P < 0.002.
Figure 5
Shift in the cytokine profile from a Th1 to a Th2/Th3 type. LNCs from rats treated at the acute phase of EAMG with Hα1-205 or OVA were cultured for 2 days in the presence of AChR, and mRNA was prepared. The mRNA expression level of cytokines (and of β-actin as control) was determined by PCR-ELISA, and the data are expressed as the relative value of the Hα1-205-treated group compared with the OVA-treated group.
Hα1-205-treated rats suggests an involvement of active suppression in the tolerance induced by oral administration of Hα1-205.
Because active suppression is mediated by regulatory T cells that secrete distinct cytokines, we examined the cytokine mRNA expression level in treated rats. Draining LNCs were removed 5-7 weeks after EAMG induction from rats treated with OVA or Hα1-205 at the acute phase of disease and were cultured for 48 hours in the presence of Torpedo AChR. Total RNA was then prepared from the cells and subjected to PCR-ELISA with cytokine-specific primers. As shown in Figure 5 , oral treatment with Hα1-205 resulted in suppression of Th1-type (IL-2, IL-12, and IFN-γ) cytokine mRNA levels and in upregulation of Th2-type (IL-10) or Th3-type (TGF-β) cytokine mRNA levels. These results suggest that oral treatment with Hα1-205 induced a shift from a Th1-toward a Th2/Th3-regulated anti-AChR response.
The observed shift in the T-cell subpopulations of rats treated by Hα1-205 was also reflected in an altered IgG isotype profile of anti-AChR autoantibodies. The IgG isotype levels of antibodies to Hα1-205 were measured every 2 weeks after induction of EAMG. The homology between this human AChR-derived fragment and its homologue in the rat is 96%. Therefore, antibodies directed to fragment Hα1-205 could represent the antibody response toward self rat muscle AChR. As seen in Figure 6 , total anti-Hα1-205 IgG levels were lower in Hα1-205-treated rats than in the control OVA-treated rats. On the other hand, the levels of IgG1, but not of IgG2, in Hα1-205-treated rats were higher than in control rats. All IgG2 subtypes (in particular IgG2b and IgG2c) were lower in the Hα1-205-treated rats compared with controls ( Figure 6 ). This may suggest that IgG2b and IgG2c are involved in the immunopathogenic process taking place in rat EAMG. IgG2b has been previously suggested to be involved in rat EAMG (41) , but to our knowledge, there is no former information concerning the role of IgG2c in rat EAMG. Similar shifts in the AChR-specific IgG isotype profile were observed also when oral treatment was given before EAMG induction or when oral treatment was initiated during the chronic phase of EAMG (data not shown). In the rat, IgG1 production is thought to be regulated by a Th2-type response, whereas IgG2 isotypes are regulated by a Th1 response. The observed shift in the anti-AChR isotype profile in Hα1-205-treated rats may thus reflect a deviation from a Th1-to a Th2-regulated response. Taken together, the shift in cytokine profile, the deviation in the anti-AChR IgG isotypes, and the reduced DTH response (a known Th1-regulated response), in Hα1-205-treated rats, suggest that the oral tolerance induced by Hα1-205 involves a shift from a Th1-to a Th2/Th3-regulated immune response to the autoantigen.
Discussion
In this study, we have demonstrated that oral administration of a recombinant fragment corresponding to the extracellular domain of the human AChR α-subunit is capable of protecting rats against subsequently induced EAMG and suppressing an already ongoing acute as well as chronic disease. Our results suggest that the mechanism of this oral tolerance involves active suppression and a shift in the AChR-specific immune response from Th1 to Th2/Th3 regulation, as reflected by changes in the cytokine profile; in a decreased DTH response to AChR; and in a switch in anti-AChR specific IgG isotypes from IgG2 to IgG1.
Mucosal exposure was chosen as the route of administration, as it is known to result in systemic tolerance to the specific tolerogen. We have recently reported on modulation of EAMG by nasal administration of recombinant fragments corresponding to the extracellular domain of the human AChR α-subunit expressed as fusion proteins, either before disease induction or at the acute phase of disease (35) . Encouraged by the data presented in our previous study, we have set out to attempt treatment of EAMG by the oral route, also during its chronic phase, which parallels the situation of patients with MG at the time of their diagnosis. In the present study, we used a recombinant AChR fragment without any fusion partner, rendering it more suitable for application in humans.
Oral tolerance has been implied in other autoimmune diseases to act via inhibition of Th1 responses either by deletion or anergy of the undesirable autoreactive cells or by their active suppression via Th2/Th3-
Figure 6
Isotype profile of AChR-specific IgGs. Rats immunized with Torpedo AChR and treated at the acute phase of EAMG with Hα1-205 or OVA were bled every 2 weeks for up to 8 weeks after immunization. The anti-Hα1-205 IgG isotype levels were determined by ELISA. *P < 0.002. secreted regulatory cytokines. These mechanisms are not mutually exclusive and may occur simultaneously. In oral tolerance, the dose of antigen administered is the primary factor in determining which mechanism predominates. Low antigen doses are known to favor active suppression-that is, the induction of antigenspecific cells that suppress the activity of other immune cells by secretion of anti-inflammatory cytokines such as TGF-β, IL-4, and IL-10. On the other hand, high antigen doses drive specific T cells into a state of clonal anergy or clonal deletion (18) . In this study, we treated rats by 5-20 oral feedings of 0.6 mg/dose (depending on the treatment protocol) and have demonstrated that active suppression is involved in tolerance induction. This was shown by the ability of splenocytes, isolated from rats treated orally with Hα1-205, to adoptively transfer protection against EAMG to naive rats. We did not observe clonal anergy in Hα1-205-treated rats, as IL-2 failed to restore their suppressed T-cell proliferative responsiveness to AChR. We are currently studying the possible involvement of clonal deletion.
Most of the previous studies in EAMG have focused on attempts to prevent EAMG. These studies have shown that mucosal administration of Torpedo AChR before immunization with AChR prevents the clinical manifestation of the disease and suppresses cellular and humoral responses to the AChR (27) (28) (29) . When feeding with Torpedo AChR was performed during the acute phase of EAMG, it led to the elicitation of antibodies to Torpedo and to an increase in autoantibody titers to self muscle AChR (41, 42) . The priming effect on autoantibody levels induced by feeding with the xenogeneic and highly immunogenic Torpedo AChR and its limited availability hamper its application for therapeutic purposes. This suggests that a syngeneic, modified, less immunogenic, and easily available tolerogen is required for immunotherapy of myasthenia in humans. The recombinant fragment of the human AChR α-subunit used in this study, meets these requirements: it is of mammalian origin, available in large amounts, and seems to be safe since it does not induce any humoral anti-AChR response or signs of EAMG even when administered orally for a long time (12 weeks). Fragment Hα1-205 protects against EAMG when given before disease induction and suppresses an ongoing disease when given at the acute and even during the chronic phase of EAMG in rats.
The effect of oral administration during the chronic phase of EAMG might be of special relevance to human MG, which is a chronic disease. It is encouraging that appropriate AChR fragments could alleviate the symptoms of a chronic ongoing autoimmune process in rats that resembles the situation of patients with MG at the time of their diagnosis. Therefore, oral administration of recombinant fragments corresponding to the domains of human AChR, encompassing major B-and T-cell epitopes, may have a potential of providing a safe and effective strategy for antigen-specific immunotherapy in myasthenia.
